INTRODUCTION {#s0001}
============

The role of red meat consumption in colorectal cancer (CRC) risk has been widely contested among the scientific community. The uncertainty surrounding this issue contributes to confusion among scientists and dieticians, as well as the general public, when interpreting results from studies, making inferences, and translating these into appropriate dietary recommendations.

The difficulty of interpreting complex epidemiologic evidence transcends the topic of red meat intake and cancer; the broader field of nutritional epidemiology is faced with many challenges. Interpretation of findings from epidemiologic studies investigating diet and health outcomes involves numerous methodological considerations, such as accurately measuring food intake, dietary pattern differences across populations, food definitions, outcome classifications, bias and confounding, multicollinearity, biological mechanisms, genetic variation in metabolizing enzymes, and differences in analytical metrics and statistical testing parameters [@cit0001].

Complicating things further is the fact that studies of dietary factors and cancer often generate weak statistical associations, with relative risks generally ranging between 0.8 and 1.25. If, on the other hand, there is a strong exposure effect (e.g., relative risks consistently above 2.0), sources of uncertainty such as confounding, exposure misclassification, and other biases may not be sufficient to obscure a valid association. However, in the case of weak associations, even modest confounding, moderate exposure and confounder measurement error, and other biases can have a large impact on effect estimates.

The topic of red meat consumption and CRC fits into this methodologically complex paradigm. Several postulated mechanisms have been proposed by which red meat may increase CRC risk, such as the content of the meat (e.g., heme iron), mutagenic compounds produced by cooking practices (e.g., heterocyclic amines), and gut microbiota composition [@cit0002]. However, data from epidemiologic studies of red meat intake and CRC have not supported clearly the notion that there is an underlying biological mechanism of action. A handful of meta-analyses on this topic have been published over the past decade, and in general, all have produced similar summary estimates (i.e., weak positive associations) based on similar analytical strategies [@cit0003]. Thus, in the current review, we took a different approach to reviewing the evidence by more thoroughly and transparently examining study-specific associations by intake category. Specifically, we augmented our previous meta-analysis [@cit0003] by integrating data from new prospective cohort studies and conducted a broader evaluation of the relative risk estimates by specific intake levels. In addition, we discuss the relevant methodological and analytical factors to consider when interpreting the body of evidence.

METHODS {#s0002}
=======

Study Identification {#s0002-0001}
--------------------

A comprehensive literature search was conducted in MEDLINE and the Cochrane Database to identify articles on red meat consumption and CRC published through 2013. This search supplemented our previous literature search and study inclusion process [@cit0003]. Further, we searched the bibliographies of the World Cancer Research Fund (WCRF)/American Institute for Cancer Research (AICR) report on diet and cancer [@cit0011] and their Continuous Update Project (CUP) for CRC, review articles, and meta-analyses pertaining to red meat consumption and CRC in an effort to identify all available literature on this topic.

Study Inclusion {#s0002-0002}
---------------

Peer-reviewed prospective cohort studies and nested case-control studies that reported results for the association between red meat consumption and CRC were included in the meta-analysis. Case-control studies not nested in cohorts, cross-sectional, and ecologic studies were not included. As expected, the definition of red meat varies across studies, and this irregularity is due to researcher distinctions, differences in food composition databases and questionnaires, and geographic variability in meat consumption practices, among other factors. In light of these differences, red meat is commonly defined as beef, pork, lamb, or a combination thereof [@cit0011]. Thus, we included studies that identified meat intake as a composite "red meat" variable or individual red meat items, such as beef, pork, or lamb. Studies that reported data for a broad classification of meat, such as "total meat" categories, which included poultry or fish, were excluded. The definitions of red meat across studies may include some processed red meat items. Further, studies that reported information pertaining to processed meat intake as an independent variable (published previously [@cit0013]); constituents of red meat, such as fat or protein from animal sources (published elsewhere [@cit0014]); heterocyclic amine exposure; heme iron; cooking practices; or adenomatous polyps were obtained, but these analyses were beyond the scope of the present assessment. Included studies were required to report relative risk estimates (e.g., rate ratios, hazard ratios) and 95% confidence intervals (CIs) for intake categories of red meat and colorectal, colon, or rectal cancer. Published studies included in this review were written in English. All (*n* = 38) studies meeting the above criteria were obtained, but only studies that represented independent (nonoverlapping) study populations or included extended follow-ups from prior analyses were included in the quantitative assessment (*n* = 27) [@cit0008].

Data Synthesis and Analytical Process {#s0002-0003}
-------------------------------------

From each included study, we extracted the following qualitative and quantitative information: author and year of study, geographic study area, the name of the cohort, study size, years of follow-up, red meat definition, method of exposure assessment, intake metric units, analytical comparison of red meat intake metrics, number of exposed cases, relative risk estimates (RRs), 95% CIs, and the variables that were statistically adjusted for. In addition, a thorough examination of methodological information regarding the potential impact of bias and/or confounding on the interpretation of each study was conducted. As discussed in greater depth in our previous meta-analysis [@cit0003], a review of each article was conducted to identify cohorts that may have been analyzed in multiple publications, and this effort was conducted and validated by two researchers.

Combining quantitative data across nutritional epidemiology studies is a challenging endeavor because of the variability in study characteristics, differences in intake metrics, and variation in the type of analyses reported (e.g., red meat, red meat with processed meat, CRC, colon cancer only, women only, etc.). Furthermore, the level of red meat intake can be highly variable across studies. For example, the two lowest categories of intake in one study may be similar to the highest categories of intake in another study [@cit0010]. With the understanding that this variability can never be addressed completely, we created numerous meta-analytic models and dose plots to evaluate varying levels of intake. In addition, we conducted several meta-analyses to evaluate other important factors, such as level of adjustment for relevant confounding factors, associations by tumor site and gender, specificity of the red meat variable, and the geographic location of the study.

Statistical analyses were based on comparisons of the highest intake category with the lowest intake category (which may include persons who do not consume red meat). Categorical dose-response analyses using the method proposed by Greenland and Longnecker [@cit0053] were conducted to estimate the slopes (*b* coefficients) from the correlated natural log of the relative risks across intake strata. Each analysis has strengths and limitations. It would be expected that, if an effect was to be observed, it would be found at the extreme intake levels in each study (i.e., high vs low intake); however, intake levels may vary considerably across studies. In a categorical dose-response analysis, data from all intake categories are used to estimate a linear relationship (or estimates of nonlinear patterns in some cases); however, a foremost assumption is that the slope based on intake levels in one study (e.g., 0--1 serving, 2--3 servings, 4--5 servings) follows a similar linear trajectory in another study that may have higher intake levels (e.g., 0--2 servings, 3--5 servings, 6--8 servings, 9+ servings). Thus, in an effort to harmonize the intake variable of interest (i.e., red meat) among studies, we created intake groupings for grams per day (\<40 g, 40--70 g, 71--100 g, \>100 g) and servings per week (0--1, 2--4, 5--7, \>7) metrics, as classified in each study. All analytical models were created to serve as complementary analyses, because it would be expected that, if the variable of interest is independently associated with the outcome, consistent findings would be observed across the various analyses. In addition, the RRs and 95% CIs were plotted for all studies to provide a visual representation of associations across intake levels.

Consumption data were not rescaled across studies, because to do so could introduce another dimension of measurement error. Therefore, all analytical models were created using each study\'s original data-reporting format, either grams per day or servings per week (rescaled from servings per day where necessary). We did not evaluate individual red meat items because few studies reported associations for such foods, and a high degree of correlation would be expected among meat types (e.g., individuals who consume beef likely consume pork), unless there is a clear geographic, cultural, or food availability distinction. We combined data for beef and pork to estimate a composite average in studies that reported these items individually without reporting values for red meat.

Random-effects models were used to calculate summary relative risk estimates (SRREs), 95% CIs, and corresponding *P* values for heterogeneity. The primary meta-analysis models consisted of data from all cohort studies (men and women combined, colon and rectal cancer outcomes), and separate models by sex and anatomic tumor site, as well as sex stratified by tumor site. Additional models included study location, degree of adjustment for confounders, specificity of red meat intake, intake groupings, and publication date. Sensitivity analyses were conducted by evaluating the impact of adding or removing studies based on certain study characteristics. Cumulative meta-analyses were performed to evaluate the modifications in summary effect sizes based on increasing intake levels. If data for men and women or colon and rectum were reported separately in a study, the point estimates and CIs for each sex or each tumor site were included. The presence of publication bias was assessed visually by examining a funnel plot measuring the standard error as a function of effect size, as well as performing Egger\'s regression method and the Duval and Tweedie imputation method [@cit0056]. All statistical analyses were performed using Comprehensive Meta-Analysis (version 2.2.046; Biostat, Englewood, New Jersey, USA; Comprehensive Meta-Analysis).

RESULTS {#s0003}
=======

Characteristics of all studies included in this assessment are reported in [Table 1](#t0001){ref-type="table"}. Studies varied (often considerably) by several methodological and analytical factors. The majority of studies (based on nonoverlapping cohorts) represent populations in the United States (U.S.) (*n* = 12), followed by Asia (China and Japan) (*n* = 8), various European countries (*n* = 6), and Australia (*n* = 1). The red meat variable included processed meat items in 10 studies; only 17 studies reported data for red meat (independent of processed meat), and 13 of these studies explicitly defined the red meat variable. Fourteen studies reported intake metrics in a grams-per-day format, while 10 studies reported intake levels by servings per day or week. Men and women were analyzed together in many studies; however, several studies reported sex-specific data, and many cohorts were restricted to men only (e.g., Physicians Health Study) or women only (e.g., Iowa Women\'s Health Study). Similarly, CRC was reported as a combined outcome in many studies, but colon cancer and rectal cancer were reported separately in numerous studies as well. Of the 48 individual point estimates (for the highest intake level in each study) reflecting data from 27 individual studies, only eight associations were statistically significant in the positive direction. Over one-third (*n* = 18) of the individual RRs were 1.0 or lower, and almost half (*n* = 23, 48%) of the RRs were less than 1.05. Table 1.Summary of Prospective Cohort Studies of Red Meat and Colorectal CancerAuthor and YearCohortAnalytical Category (definition)Number of Exposed CasesGenderAnalytical ComparisonRelative Risk (95% CI)Statistical AdjustmentBostick et al. [@cit0015]Iowa Women\'s Health StudyRed meat37WomenColon: \> 11.0 vs \< 4.0 servings/wk1.04 (0.62--1.76)Age, total energy intake, alcohol, height, parity, total vitamin E intake, total vitamin E intake by age interaction term, and vitamin A supplement intakeBrink et al. [@cit0017][](#t1fn0002){ref-type="fn"}Netherlands Cohort Study   Quartiles of intake (4 vs 1) Age, sex, quetelet index, smoking, energy intake, family hx of CRCBeef142BothColon1.28 (0.96--1.72)40BothRectum0.92 (0.57--1.49)Pork98BothColon0.77 (0.57--1.04)34BothRectum0.70 (0.43--1.13)Minced meat97BothColon0.93 (0.68--1.27)35BothRectum1.01 (0.62--1.67)Butler et al. [@cit0018]Singapore Chinese Health StudyRed meat74BothQuartiles of intake (4 vs 1)1.01 (0.82--1.26)Age, sex, dialect group, interview year, diabetes at baseline, smoking hx, BMI, alcohol intake, education, physical activity, family hx of CRC, total daily energy intakeChan et al. [@cit0019][](#t1fn0003){ref-type="fn"} \[overlap with Wei [@cit0050]\]NHS (U.S.)Beef, pork, or lamb as a main dish17Women\> 0.5 vs ≤ 0.5 servings/day1.21 (0.85--1.72)Age, BMI, family hx of CRC, post-menopausal hormone use, previous endoscopy, current multi-vitamin use, regular aspirin useChao et al. [@cit0020]CPS II (U.S.)Red meat (beef, pork, ham, liver, smoked meats, frankfurters, sausage, fried bacon, fried hamburger)  Quintiles of intake (5 vs 1) Age, sex, total energy, education, BMI, smoking, recreational physical activity, multivitamin use, aspirin use, alcohol, hormone therapy, fruits, vegetables, high-grain foods210BothColon1.15 (0.90--1.46)96BothRectal1.71 (1.15--2.52)116BothProximal colon1.27 (0.91--1.76)64BothDistal colon0.71 (0.47--1.07)124MenColon1.30 (0.93--1.81)Age, total energy, education, BMI, smoking, recreational physical activity, multivitamin use, aspirin use, alcohol, hormone therapy, sex, fruits, vegetables, high-grain food86WomenColon0.98 (0.68--1.40)Chen et al. [@cit0021][](#t1fn0003){ref-type="fn"}ChinaPorkNRBothColon: Pork eating, yes vs no1.48 (0.85--2.59)Matched on age, gender, resident locationChen et al. [@cit0023]Physicians Health Study (U.S.)Red meat (beef, pork, lamb as a main dish, mixed dish, or sandwich; hot dogs)43Men1+ intake/day vs ≤ 0.51.17 (0.68--2.02)BMI, physical activity, and alcoholCross et al. [@cit0023]NIH-AARP Diet and Health Study (U.S.)Red meat (beef, pork, and lamb; including bacon, beef, cold cuts, ham, hamburger, hot dogs, liver, pork, sausage, and steak; meats added to mixtures, such as pizza, chili, lasagna, and stew)  Quintiles of intake: 5 vs 1 62.7 g/1000 kcal vs 9.8 Age, sex, education, marital status, family hx of cancer, race, BMI, smoking, frequency of vigorous physical activity, intake of: total energy, alcohol, fruits and vegetables1,190BothColorectal1.24 (1.12--1.36) BothColon1.17 (1.05--1.31) BothRectal1.45 (1.20--1.75)English et al. [@cit0024]Melbourne Collaborative Cohort Study (Australia)Fresh red meat (veal or beef schnitzel, roast beef, veal, steak, meat balls, meatloaf, mixed dishes with beef, roast lamb/chops, pork/chops, rabbit, other game)  Quartiles (4 vs 1) Sex, country of birth, energy intake, fat, cereal productsNRBothColorectal1.4 (1.0--1.9) BothColon1.1 (0.7--1.6) BothRectal2.3 (1.2--4.2)Flood et al. [@cit0025]BCDDP (U.S.)Red meat (bacon, beef, ham-burger, ham or other lunch meat, hot dogs, liver, pork, sausage; meat components of beef stew, chili, salad, spaghetti, vegetable soup)NRWomenQuintile 5 vs 1: 52.2+ g/1000 kcal vs ≤ 6.11.04 (0.77--1.41)Energy, total meat \[The following factors did not markedly affect the RR, thus, were not in the final model: smoking, education, BMI, alcohol, physical activity, dietary factors, micronutrients, anti-inflammatories\]Fraser 1999 \[overlap with Singh and Fraser 1998\]7th Day Adventists Health Study (California)Red meatNRBothColon cancer among persons who consumed white meat \< 1/wk: 1+ time/wk (red meat) vs never1.86 (1.15--3.02) Fung et al. [@cit0027] \[overlap with Wei et al. [@cit0050]\]NHS; HPFS (U.S.)Red/processed meats87,312WomenMultivariate RR for each serving/d increase in DASH food component1.12 (0.99--1.26)Age, BMI, alcohol intake, family hx of CRC, physical activity, aspirin use, colonoscopy, hx of polyps, multivitamin use, smoking, energy intake45,080Men1.08 (0.97--1.21)Gaard et al. 1996[](#t1fn0004){ref-type="fn"}Norway   Colon Age, attained ageMeat balls15Men5+/month vs ≤ 10.61 (0.22--1.69)Meat stews11Men5+/month vs ≤ 10.74 (0.21--2.64)Meat balls13Women5+/month vs ≤ 11.08 (0.31--3.79)Meat stews9Women5+/month vs ≤ 10.58 (0.16--2.13)Giovannucci et al. [@cit0029] \[overlap with Wei et al. [@cit0050]\]HPFS (U.S.)Red meat (beef, pork, or lamb as a main dish, sandwich or mixed dish; hamburger, hot dog, bacon, and preserved meats \[e.g., sausage, salami, and bologna\])55MenColon: 129.5 g/day vs 18.51.71 (1.15--2.55)Age, total energy intakeBeef, pork, or lamb as main dish16MenColon: ≥ 5 servings/wk vs 03.57 (1.58--8.06)AgeHsing et al. 1998Lutheran Brotherhood (U.S.)Red meat (beef, bacon, fresh pork, smoked ham)  60+ times/month vs \< 15 Age, smoking, alcohol, total calories14MenColorectal1.9 (0.9--4.3)13MenColon1.8 (0.8--4.4)Iso and Kubota 2007 \[overlap with Kojima et al. [@cit0036]\]Japan Collaborative Cohort StudyBeef15MenColon1.30 (0.74--2.29)Age, area of study10MenRectal1.11 (0.55--2.20)12WomenColon0.80 (0.43--1.50)3WomenRectal0.78 (0.23--2.63)Pork23MenColon0.81 (0.48--1.36)29MenRectal1.44 (0.85--2.44)31WomenColon0.95 (0.61--1.49)11WomenRectal0.77 (0.35--1.65)Ham and sausages38MenColon1.41 (0.95--2.08)21MenRectal0.89 (0.55--1.46)22WomenColon0.90 (0.56--1.44)14WomenRectal1.30 (0.69--2.46)Liver6MenColon0.82 (0.36--1.88)6MenRectal1.03 (0.44--2.38)5WomenColon0.71 (0.29--1.75)5WomenRectal1.57 (0.61--4.03)Jarvinen et al. 2001Mobile Clinic Health Examination Survey (Finland)Red meat  Quartiles of daily intake (4 vs 1) Age, sex, BMI, occupation, smoking, geography, energy intake, vegetable and fruit consumption, cereal intakeNRBothColorectal1.50 (0.77--2.94) BothColon1.34 (0.57--3.15) BothRectal1.82 (0.60--5.52)Kabat et al. 2007NBSS (Canada)Red meat (ascertained from 22 meat items including beef, pork, ham, bacon, pork-based lunch meats, veal)  40.3 g/day vs \< 14.25 Age, BMI, menopausal status, oral contraception, hormone replacement use, diet (fat, fiber, folic acid, total calories), smoking, alcohol, education, physical activityNRWomenColorectal1.12 (0.86--1.46) WomenColon0.88 (0.64--1.21) WomenRectal1.95 (1.21--3.16)Kato et al. 1997New York, FloridaRed meatNRWomenQuartiles of intake (4 vs 1)1.23 (0.68--2.22)Age, total calorie intake, education, enrollment placeKhan et al. [@cit0035]JapanMeat, except chicken (pork, beef, mutton, liver, ham, sausages)NRMenSeveral times/wk; everyday vs never; several times/yr; several times/month2.0 (0.6--6.3)Age, smokingNRWomenSeveral times/wk; everyday vs never; several times/yr; several times/month1.0 (0.3--3.0)Age, health status, health education, health screening and smokingKojima et al. [@cit0036]Japan Collaborative Cohort Study   3--7/wk vs 0--2/month Age, family hx of CRC, BMI, alcohol, smoking, walking per day, education, regions of enrollmentBeef11MenColon1.46 (0.74--2.86)10MenRectal1.38 (0.68--2.78)Pork17MenColon1.14 (0.61--2.14)20MenRectal1.11 (0.61--2.03)Beef11WomenColon1.11 (0.57--2.14)1WomenRectal0.37 (0.05--2.84)Pork20WomenColon0.93 (0.54--1.60)3WomenRectal0.32 (0.09--1.15)Larsson et al. 2005Swedish Mammo-graphy CohortRed meat (whole beef, chopped meat, minced meat, bacon, hot dogs, ham or other lunch meat, blood pudding, kidney or liver, liver pate) Women94+ g/day vs \< 50 Age, BMI, education, energy intake, alcohol, saturated fat, calcium, folate, fruits, vegetables, whole grain foodsNRWomenColorectal1.32 (1.03--1.68) WomenRectal1.28 (0.83--1.98) WomenProximal colon1.03 (0.67--1.60) WomenDistal colon2.22 (1.34--3.68)Beef and pork (whole beef, minced meat, chopped beef) Women4+ servings/wk vs \< 2 NRWomenColorectal1.22 (0.98--1.53) WomenRectal1.08 (0.72--1.62) WomenProximal colon1.10 (0.74--1.64) WomenDistal colon1.99 (1.26--3.14)Lee et al. 2009Shanghai Women\'s Health Study (China)Red meat  67+ g/day vs \< 24 Age, education, income, survey season, tea consumption, NSAID use, energy intake, and fiber intake62WomenColorectal0.8 (0.6--1.1)41WomenColon0.9 (0.6--1.5)21WomenRectal0.6 (0.3--1.1)Lin et al. 2004Women\'s Health Study (U.S.)Red meat (beef or lamb as main dish, beef, pork, or lamb in a sandwich, hot dogs, bacon, processed meats, hamburgers)30Women1.42+ servings/day vs ≤ 0.130.66 (0.40--1.09)Age, random treatment assignment, BMI, family hx of CRC, hx of polyps, physical activity, smoking, alcohol, postmenopausal hormone therapy, total energyLuchtenborg et al. [@cit0040] \[same popu-lation as Brink et al. [@cit0017]\]NLCS (Netherlands)   Quartiles of intake (4 vs 1) Age, sex, family hx of CRC, smoking, BMI, energy intakeBeef134BothColon1.29 (0.96--1.73)38BothRectal0.95 (0.59--1.54)Pork92BothColon0.77 (0.57--1.04)31BothRectal0.70 (0.44--1.13)Minced meat93BothColon0.93 (0.68--1.27)33BothRectal1.01 (0.61--1.66)Norat et al. 2005EPIC (Europe)Red meat (fresh, minced, and frozen beef, veal, pork, lamb)  ≥ 80 g/day vs \< 10 Age, sex, energy, height, weight, occupational physical activity, smoking, alcohol intake, dietary fiber, center250BothColorectal1.17 (0.92--1.49)NRBothColon1.20 (0.88--1.61) BothRectal1.13 (0.74--1.71) BothProximal (right) colon1.18 (0.73--1.91) BothDistal (left) colon1.24 (0.80--1.94)Nöthlings et al. [@cit0041]Multiethnic Cohort Study (Hawaii, Los Angeles County)Red meat240Both26.0+ g/1,000 kcal/day vs 0 to \< 10.40.96 (0.74--1.23)Age at blood draw, sex, ethnicity, family hx of CRC, BMI, physical activity, smoking, intake of dietary fiber, calcium, vitamin D, folic acid, and ethanolOba et al. 2006JapanRed meat (beef, pork)32MenColon: 56.6+ g vs ≤ 18.71.03 (0.64--1.66)Age, height, BMI, smoking, alcohol, physical activity27WomenColon: 42.3+ g vs ≤ 10.70.79 (0.49--1.28)Ollberding et al. [@cit0043] \[overlap with Nöthlings et al. [@cit0041]\]Multiethnic Cohort Study (Hawaii, Los Angeles County)Total red meat697Both47.99 g/1,000 kcal/day vs 7.411.02 (0.91--1.16)Age, ethnicity, sex, family hx of CRC, hx of colorectal polyp, BMI, smoking, NSAID use, alcohol consumption, vigorous physical activity, hx of diabetes, hormone replacement therapy use (females only), total calories, dietary fiber, calcium, folate, and vitamin DRed meat excluding processed red meat659Both34.86 g/1,000 kcal/day vs 4.590.98 (0.87--1.10)Pietinen et al. 1999ATBC Study (Finland)Beef, pork, lamb45Men99+ g vs \< 360.8 (0.5--1.2)Age, supplement group, smoking, BMI, alcohol, education, physical activity at work, calcium intakeTotal red meat45Men203 g vs \< 801.1 (0.7--1.7)Sato et al. 2006Miyagi Cohort Study (Japan)Beef  1--2/wk vs almost never Age, sex, smoking, alcohol, BMI, education, family hx of cancer, walking, consumption of fat, calcium, fiber46BothColorectal0.93 (0.67--1.30)25BothColon0.84 (0.54--1.32)21BothRectal1.01 (0.62--1.67)16BothProximal colon0.97 (0.55--1.70)8BothDistal colon1.06 (0.46--2.43)Pork (excluding ham or sausage)  3--4/wk vs almost never 73BothColorectal1.13 (0.79--1.74)48BothColon1.46 (0.81--2.62)26BothRectal0.74 (0.39--1.42)24BothProximal colon1.05 (0.50--2.22)16BothDistal colon1.90 (0.63--5.74)Sellers et al. [@cit0046] \[overlap with Bostick et al. [@cit0015]\]Iowa Women\'s Health StudyRed meat (beef, beef stew, hamburger, liver, venison)  Colon \> 7 servings/wk vs \< 3.5 Age, energy intake, hx of polyps16WomenFamily hx of colon cancer1.0 (0.5--2.1)53WomenNo family hx of colon cancer1.3 (0.8--2.0)Singh and Fraser 1998Adventist Health Study (California)Red meat (current intake of beef or pork)45BothColon: 1+/wk vs never1.41 (0.90--2.21)Age, sex, BMI, physical activity, smoking, alcohol, aspirin use, parental hx of colon cancerTakachi et al. 2011JPHC (Japan)Red meat (3 beef dishes -- steak, grilled beef, and stewed beef; and 6 pork dishes -- stir-fried pork, deep-fried pork, stewed pork in Western style, stewed pork in Japanese style, pork in soup, and pork liver)  102 g/d vs 15 g/d Age, Public Health Center area, BMI, smoking status, alcohol consumption, physical activity, medication use for diabetes, hx of diabetes, screening examinations, energy intake, calcium, vitamin D, folate, dietary fiber, and dried and salted fish91MenColon1.27 (0.93--1.74)36MenRectal0.93 (0.58--1.49)34MenProximal colon1.07 (0.66--1.75)51MenDistal colon1.42 (0.92--2.19)  93 g/d vs 14 g/day 70WomenColon1.48 (1.01--2.17)22WomenRectal0.81 (0.43--1.52)42WomenProximal colon1.57 (0.95--2.58)23WomenDistal colon1.21 (0.63--2.32)Thun et al. 1992CPS II (U.S.)Red meatNRMenColonNo association (data NR)Matched on age, race, and sex. Adjusted for total fat, exercise, BMI, family hx of colon cancer, aspirin use, intake of vegetables, fruits, and grainsBeef MenInverse association (data NR)Matched on age, race, and sexPork MenPositive association (data NR)Red meatNRWomenColonNo association (data NR)Beef WomenInverse association (data NR)Pork WomenPositive association (data NR)Tiemersma et al. 2002[](#t1fn0003){ref-type="fn"}NetherlandsFresh red meat (beef, pork)45Both5+/wk vs 0--3/wk1.6 (0.9--2.9)Age, sex, center, total energy intake, alcohol, body height30Men5+/wk vs 0--3/wk2.7 (1.1--6.7)15Women5+/wk vs 0--3/wk1.2 (0.5--2.8)Wei et al. [@cit0050]NHS; HPFS (U.S.)Beef, pork, lamb as a main dish  5+/wk vs 0 Age, family hx, BMI, physical activity, processed meat, alcohol, calcium, folate, height, smoking before age 30, hx of endoscopy, and gender155BothColon1.43 (1.00--2.05)31BothRectum0.90 (0.47--1.75)HPFS32MenColon1.35 (0.80--2.27)Age, family hx, BMI, physical activity, alcohol, calcium, folate, height, smoking before age 30, hx of endoscopy7MenRectum0.90 (0.34--2.45)NHS123WomenColon1.31 (0.73--2.36) 24WomenRectum0.92 (0.31--2.71)Willett et al. 1990 \[overlap with Wei et al. [@cit0050]\]NHS (U.S.)Red meat (beef, pork or lamb as a main dish sandwich or mixed dish, hamburger, hotdogs, preserved meats, and bacon)  134+ g/day vs \< 59  44WomenColon1.77 (1.09--2.88)Age and total energy intake44WomenColon1.61 (1.03--2.53)Age, total energy intake, and chicken and fish consumptionWu et al. [@cit0052] \[overlap with Wei et al. [@cit0050]\]HPFS (U.S.)Red meatNRMenColon: High vs low1.40 (0.92--2.13)Multivariate (not explicitly stated for this analysis)Red meat dish (beef, pork, lamb as main dish) MenColon: High vs low1.68 (1.21--2.33)[^2][^3][^4][^5][^6]

The meta-analysis results are summarized in [Table 2](#t0002){ref-type="table"} (based on high vs low intake unless otherwise specified by intake levels). Table 2.Summary of Meta-analysis Results for Red Meat Intake and Colorectal CancerModel (number of studies)SRRE95% CI*P*-value for Heterogeneity and *I*^2^Analytical NotesAll studies (*n* = 27)1.111.03--1.190.014; *I*^2^ = 33.60Includes men and women, colon and rectal tumor sitesAll studies, excluding Chen et al. [@cit0021], Singh and Fraser 1998, and Khan et al. [@cit0035] (*n* = 24)1.101.03--1.180.010; *I*^2^ = 36.30Includes men and women, colon and rectal tumor sitesStudies including red meat independent of processed meat ( *n* = 17)1.050.98--1.120.328; *I*^2^ = 8.451Includes studies that reported a "red meat" category independent of processed meatStudies including red meat, explicitly defined (*n* = 13)1.040.98--1.140.263; *I*^2^ = 13.47Includes studies that explicitly defined "red meat"Category of red meat intake \[\< 40 g/day\] (*n* = 9)1.020.98--1.070.912; *I*^2^ = 0.00Includes studies that reported median red meat intake less than 40 g/day \[Ollberding [@cit0043] replaces Nothlings [@cit0041]\]Category of red meat intake \[40--70 g/day\] (*n* = 12)1.000.96--1.040.485; *I*^2^ = 0.00Includes studies that reported median red meat intake between 40 and 70 g/day \[Ollberding [@cit0043] replaces Nothlings [@cit0041]\]Category of red meat intake \[71--100 g/day\] (*n* = 8)1.030.89--1.180.008; *I*^2^ = 59.65Includes studies that reported median red meat intake between 71 and 100 g/dayCategory of red meat intake \[\> 100 /day\] (*n*=6)1.201.11--1.290.773; *I*^2^ = 0.00Includes studies that reported median red meat intake greater than 100 g/dayCategory of red meat intake \[0--1 servings/week\] (*n* =4)1.171.07--1.280.575; *I*^2^ = 0.00Includes studies that reported red meat intake between 0 and 1 serving/week \[Iso 2007 replaces Kojima [@cit0036]\]Category of red meat intake \[2--4 servings/week\] (*n* =8)1.111.01--1.220.609; *I*^2^ = 0.00Includes studies that reported red meat intake between 2 and 4 servings/week \[Iso 2007 replaces Kojima [@cit0036]\]Category of red meat intake \[5--7 servings/week\] (*n* =8)1.221.07--1.390.504; *I*^2^ = 0.00Includes studies that reported red meat intake between 5 and 7 servings/weekCategory of red meat intake \[\> 7 servings/week\] (*n* =5)1.130.93--1.390.215; *I*^2^ = 26.75Includes studies that reported red meat intake greater than 7 servings/weekAdjusted for 3 factors (*n* = 17)1.091.01--1.170.005; *I*^2^ = 42.171Includes only studies that reported adjusting simultaneously for at least 3 of the following factors: total energy, BMI, physical activity, alcohol, family hx of cancer, education, income (SES) \[Ollberding [@cit0043] replaces Nothlings [@cit0041]\]Adjusted for 3 factors, excluding Singh and Fraser 1998 (*n*=16)1.081.00--1.170.005; *I*^2^ = 42.65Includes only studies that reported adjusting simultaneously for at least 3 of the following factors: total energy, BMI, physical activity, alcohol, family hx of cancer, education, income (SES) \[Ollberding [@cit0043] replaces Nothlings [@cit0041]\]Dose-response: each incremental serving per week (*n* = 10)1.021.00--1.040.075; *I*^2^ = 26.56Studies that reported data in a servings per week metricDose-response: each 70 gram increment (*n* = 13)1.050.97--1.13\<0.001; *I*^2^ = 88.62Studies that reported data in a grams per day metricColon (*n* = 16)1.111.04--1.180.588; *I*^2^ = 0.00Includes data reported specifically for colon cancer, men and women included \[Iso 2007 replaces Kojima [@cit0036]\]Colon, excluding Chen et al. [@cit0021] and Singh and Fraser 1998 (*n*=14)1.101.03--1.170.610; *I*^2^ = 0.00Includes data reported specifically for colon cancer, men and women included \[Iso 2007 replaces Kojima [@cit0036]\]Colon, adjusted for 3 factors (*n* = 12)1.121.04--1.200.542; *I*^2^ = 0.00Includes only studies that reported adjusting simultaneously for at least 3 of the following factors: total energy, BMI, physical activity, alcohol, family hx of cancer, education, income (SES)Colon, adjusted for 3 factors, excluding Singh and Fraser 1998 (*n*=11)1.111.04--1.190.552; *I*^2^ = 0.00Includes only studies that reported adjusting simultaneously for at least 3 of the following factors: total energy, BMI, physical activity, alcohol, family hx of cancer, education, income (SES)Colon, red meat independent of processed meat (*n*=11)1.060.97--1.160.691; *I*^2^ = 0.00Includes studies that reported a "red meat" category independent of processed meatRectal (*n* = 13)1.170.99--1.390.008; *I*^2^ = 51.97Includes data reported specifically for rectal cancer, men and women included \[Iso 2007 replaces Kojima [@cit0036]\]Rectal, adjusted for 3 factors (*n* = 11)1.090.90--1.320.003; *I*^2^ = 58.35Includes only studies that reported adjusting simultaneously for at least 3 of the following factors: total energy, BMI, physical activity, alcohol, family hx of cancer, education, income (SES)Rectal, red meat independent of processed meat (*n*=10)1.030.88--1.210.241; *I*^2^ = 20.04Includes studies that reported a "red meat" category independent of processed meatStudies published \< 2000 (*n* = 8)1.301.06--1.590.230; *I*^2^ = 24.95Includes only studies published before year 2000 (Willett 1990 and Giovannucci [@cit0029] replaces Wei [@cit0050])Studies published \<2000, excluding Singh and Fraser 1998 (*n*=7)1.281.01--1.620.164; *I*^2^ = 34.59Includes only studies published before year 2000 (Willett 1990 and Giovannucci [@cit0029] replaces Wei [@cit0050])Studies published 2001--2004 (*n* =9)1.171.01--1.370.212; *I*^2^ = 19.84Includes studies published between 2001 and 2004Studies published 2001--2004, excluding Chen et al. [@cit0021] and Khan et al. [@cit0035] (*n* =7)1.150.97--1.370.145; *I*^2^ = 27.69Includes studies published between 2001 and 2004Studies published 2005--2008 (*n* =10)1.111.01--1.210.013; *I*^2^ = 45.93Includes studies published between 2005 and 2004Studies published \> 2009 (*n* = 3)1.030.87--1.220.150; *I*^2^ = 36.46Includes studies published after 2009 (Ollberding [@cit0043] replaces Nothlings [@cit0041])Studies published in the past 5 years \[2007--2012\] (*n* =7)1.090.98--1.210.005; *I*^2^ = 54.19Includes studies published in the past 5 years (Ollberding [@cit0043] replaces Nothlings [@cit0041])North America (U.S. & Canada) (*n* = 12)1.181.05--1.320.012; *I*^2^ = 48.32Studies conducted among U.S. or Canadian populations \[Ollberding [@cit0043] replaces Nothlings [@cit0041]\]North America (U.S. & Canada), excluding Singh and Fraser 1998 (*n* =11)1.171.04--1.310.010; *I*^2^ = 50.02Studies conducted among U.S. or Canadian populations \[Ollberding [@cit0043] replaces Nothlings [@cit0041]\]All other countries (*n* = 15)1.070.98--1.160.187; *I*^2^ = 18.40Studies conducted in Europe, Japan, China, Australia \[Iso 2007 replaces Kojima [@cit0036]\]All other countries, excluding Chen et al. [@cit0021] and Khan et al. [@cit0035] (*n* =13)1.060.97--1.150.163; *I*^2^ = 21.17Studies conducted in Europe, Japan, China, Australia \[Iso 2007 replaces Kojima [@cit0036]\]Europe (*n* = 6)1.090.94--1.270.132; *I*^2^ = 34.47Studies conducted in Finland, the Netherlands, Sweden, and other countries (EPIC)Asia (*n* = 8)1.030.94--1.130.557; *I*^2^ = 0.00Studies conducted in Japan and China \[Iso 2007 replaces Kojima [@cit0036]\]Asia, excluding Chen et al. [@cit0021] and Khan et al. [@cit0035] (*n* =6)1.010.92--1.120.558; *I*^2^ = 0.00Studies conducted in Japan and China \[Iso 2007 replaces Kojima [@cit0036]\]Men (*n* = 10)1.161.02--1.320.439; *I*^2^ = 0.648Studies that reported data specifically for men \[Iso 2007 replaces Kojima [@cit0036]\]Men, excluding Khan [@cit0035] (*n* =9)1.151.01--1.320.423; *I*^2^ = 2.21Studies that reported data specifically for men \[Iso 2007 replaces Kojima [@cit0036]\]Men, adjusted for 3 factors (*n* = 6)1.150.99--1.330.714; *I*^2^ = 0.00Includes only studies that reported adjusting simultaneously for at least 3 of the following factors: total energy, BMI, physical activity, alcohol, family hx of cancer, education, income (SES)Men, red meat independent of processed meat (*n* =6)1.110.94--1.300.353; *I*^2^ = 9.90Includes studies that reported a "red meat" category independent of processed meatMen, Colon (*n* = 5)1.180.99--1.390.676; *I*^2^ = 0.00Studies that reported data for colon cancer among men \[Iso 2007 replaces Kojima [@cit0036]\]Men, Rectal (*n* = 3)1.090.83--1.450.584; *I*^2^ = 0.00Studies that reported data for rectal cancer among men \[Iso 2007 replaces Kojima [@cit0036]\]Men, category of red meat intake \[\< 40 g/day\] (*n* =3)1.110.94--1.300.899; *I*^2^ = 0.00Includes studies that reported median red meat intake less than 40 g/dayMen, category of red meat intake \[40--70 g/day\] (*n* =4)1.050.92--1.190.348; *I*^2^ = 10.52Includes studies that reported median red meat intake between 40 and 70 g/dayMen, category of red meat intake \[71--100 g/day\] (*n* =2)1.020.68--1.540.111; *I*^2^ = 60.55Includes studies that reported median red meat intake between 71 and 100 g/dayMen, category of red meat intake \[\> 100 g/day\] (*n* =3)1.140.98--1.340.819; *I*^2^ = 0.00Includes studies that reported median red meat intake greater than 100 g/dayMen, category of red meat intake \[0--1 servings/week\] (*n* =2)1.311.12--1.540.988; *I*^2^ = 0.00Includes studies that reported red meat intake between 0 and 1 serving/week \[Iso 2007 replaces Kojima [@cit0036]\]Men, category of red meat intake \[2--4 servings/week\] (*n* =4)1.271.04--1.560.515; *I*^2^ = 0.00Includes studies that reported red meat intake between 2 and 4 servings/week \[Iso 2007 replaces Kojima [@cit0036]\]Men, category of red meat intake \[5--7 servings/week\] (*n* =4)1.290.96--1.740.289; *I*^2^ = 19.76Includes studies that reported red meat intake between 5 and 7 servings/weekMen, category of red meat intake \[\> 7 servings/week\] (*n* =2)1.380.97--1.960.607; *I*^2^ = 0.00Includes studies that reported red meat intake greater than 7 servings/weekDose-response: each in cremental serving per week (*n* = 5)1.041.01--1.060.511Studies that reported data in a servings per week metricDose-response: each 70 gram increment (*n* = 3)1.010.77--1.330.021Studies that reported data in a grams per day metricWomen (*n* = 14)1.030.91--1.170.124; *I*^2^ = 28.09Studies that reported data specifically for women \[Iso 2007 replaces Kojima [@cit0036]\]Women, excluding Khan [@cit0035] (*n* =13)1.030.91--1.180.094; *I*^2^ = 32.07Studies that reported data specifically for women \[Iso 2007 replaces Kojima [@cit0036]\]Women, adjusted for 3 factors (*n* = 10)1.010.85--1.190.016; *I*^2^ = 49.49Includes only studies that reported adjusting simultaneously for at least 3 of the following factors: total energy, BMI, physical activity, alcohol, family hx of cancer, education, income (SES)Women, red meat independent of processed meat (*n* =9)1.060.92--1.220.308; *I*^2^ = 13.60Includes studies that reported a "red meat" category independent of processed meatWomen, Colon (*n* = 8)0.990.85--1.150.400; *I*^2^ = 3.91Studies that reported data for colon cancer among women \[Iso 2007 replaces Kojima [@cit0036]\]Women, Rectal (*n* = 6)1.070.76--1.510.064; *I*^2^ = 52.07Studies that reported data for rectal cancer among women \[Iso 2007 replaces Kojima [@cit0036]\]Women, category of red meat intake \[\< 40 g/day\] (*n* =6)1.000.91--1.100.443; *I*^2^ = 0.00Includes studies that reported median red meat intake less than 40 g/dayWomen, category of red meat intake \[40--70 g/day\] (*n* =7)0.970.89--1.070.371; *I*^2^ = 7.60Includes studies that reported median red meat intake between 40 and 70 g/dayWomen, category of red meat intake \[71--100 g/day\] (*n* =3)1.040.80--1.360.067; *I*^2^ = 58.19Includes studies that reported median red meat intake between 71 and 100 g/dayWomen, category of red meat intake \[\> 100 g/day\] (*n* =3)1.140.95--1.370.0.301; *I*^2^ = 16.62Includes studies that reported median red meat intake greater than 100 g/dayWomen, category of red meat intake \[0--1 servings/week\] (*n* =2)0.920.75--1.120.692; *I*^2^ = 0.00Includes studies that reported red meat intake between 0 and 1 serving/week \[Iso 2007 replaces Kojima [@cit0036]\]Women, category of red meat intake \[2--4 servings/week\] (*n* =5)1.020.91--1.150.898; *I*^2^ = 0.00Includes studies that reported red meat intake between 2 and 4 servings/week \[Iso 2007 replaces Kojima [@cit0036]\]Women, category of red meat intake \[5--7 servings/week\] (*n* =5)1.140.96--1.340.708; *I*^2^ = 0.00Includes studies that reported red meat intake between 5 and 7 servings/weekWomen, category of red meat intake \[\> 7 servings/week\] (*n* =2)0.930.72--1.200.349; *I*^2^ = 8.83Includes studies that reported red meat intake greater than 7 servings/weekDose-response: each incremental serving per week (*n* = 6)1.000.97--1.030.135; *I*^2^ = 16.89Studies that reported data in a servings per week metricDose-response: each 70 gram increment (*n* = 6)1.000.82--1.21\<0.001; *I*^2^ = 86.25Studies that reported data in a grams per day metric

High vs Low Meta-Analysis Results {#s0003-0001}
---------------------------------

The SRRE for all 27 prospective studies of high vs low red meat intake and CRC was 1.11 (95% CI: 1.03--1.19); however, as expected, statistically significant heterogeneity was present (p-H = 0.014). When 3 studies that were less specific in their definitions of red meat/exposure categories were removed, the summary effect was largely unchanged, because these studies provided little relative weight (SRRE = 1.10, 95% CI: 1.03--1.18) ([Table 2](#t0002){ref-type="table"}, [Fig. 1](#f0001){ref-type="fig"}). However, in the model that included studies of fresh red meat (*n* = 17 studies independent of processed meat items), the SRRE dropped to 1.05 and was no longer statistically significant (95% CI: 0.98--1.12), and the model was less heterogeneous (p-H = 0.328). Of 13 of these studies that explicitly defined red meat, the SRRE was 1.04 (95% CI: 0.98--1.14, p-H = 0.263). When restricting the analysis to studies that adjusted simultaneously for at least 3 factors (out of: total energy, body mass index \[BMI\], physical activity, alcohol, family history of cancer, education, income \[socioeconomic status\]), the summary association was attenuated slightly (SRRE = 1.08, 95% CI: 1.00--1.17). Stronger (and more heterogeneous) associations were observed in meta-analyses of studies conducted in North America (SRRE = 1.18, 95% CI: 1.05--1.32), compared with studies published in other countries (SRRE = 1.07, 95% CI: 0.98--1.16). The model of studies conducted in China and Japan had the weakest SRRE (1.01, 95% CI: 0.92--1.12; Chen et al. [@cit0022] and Khan et al. [@cit0035] excluded). Interestingly, the summary associations were modified by publication date, with the SRREs becoming monotonically weaker over time ([Table 2](#t0002){ref-type="table"}). For example, meta-analysis of 8 studies published prior to the year 2000 resulted in an SRRE of 1.30 (95% CI: 1.06--1.59), while the SRRE for the studies published in the past 5 years was 1.09 (95% CI: 0.98--1.21). Fig. 1.Meta-analysis of prospective studies of red meat consumption and colorectal cancer.

Summary associations were stronger and more heterogeneous for rectal cancer (SRRE = 1.17, 95% CI: 0.99--1.39, p-H = 0.008) compared with colon cancer (SRRE = 1.11, 95% CI: 1.04--1.18, p-H = 0.588). However, the summary effect for rectal cancer attenuated considerably after including studies that adjusted for more relevant factors (SRRE = 1.09, 95% CI: 0.90--1.32; based on studies that simultaneously adjusted for total energy, BMI, physical activity, alcohol, family history of cancer, education, income/socioeconomic status). When the analyses were restricted to studies of fresh red meat, independent of processed meat items, summary associations for both colon cancer (SRRE = 1.06, 95% CI: 0.97--1.16) and rectal cancer (SRRE = 1.03, 95% CI: 0.88--1.21) became closer to the null value.

We observed modification of summary associations by gender, with stronger (but overall weak to modest) SRREs among men, and associations close to the null value for women. The SRRE for the 10 studies that reported data specifically for men was 1.16 (95% CI: 1.02--1.32), while the summary association for women was 1.03 (95% CI: 0.91--1.17). Inconsistent patterns of associations between sexes were observed. Among men, associations were slightly weaker in analyses of red meat (independent of processed meat items) and rectal cancer, but slightly stronger in analyses of colon cancer. In contrast, among women, associations were slightly stronger in analyses of red meat (independent of processed meat items) and rectal cancer, but weaker in analyses of colon cancer. For both men and women, summary effects were slightly weaker for the meta-analyses of studies that adjusted for more relevant potential confounding factors.

Intake Assessment {#s0003-0002}
-----------------

Dose-response effects were evaluated using different methods. First, we plotted *all* point estimates for *all* intake categories across *all* studies to generate a visual illustration of *all* possible data points. This was done for both metrics---grams per day ([Fig. 2](#f0002){ref-type="fig"}) and servings per week ([Fig. 3](#f0003){ref-type="fig"}). Based on visual examination, no clear pattern of dose-response is apparent. While the absolute number of point estimates above the null value is greater than below, particularly for the servings-per-week metric, no consistent pattern is evident (i.e., increasing point estimates above the null value as intake levels increase). To supplement this visual assessment, we conducted categorical dose-response regression meta-analyses and meta-analyses of categorical intake groupings. The SRRE for each 70 g increment of red meat was 1.05 (95% CI: 0.97--1.13), and the SRRE for each incremental serving per week was 1.02 (95% CI: 1.00--1.04) among men and women combined (both models). No associations for each incremental serving per week (SRRE=1.00, 95% CI: 0.97--1.03) or for each 70 g increment of red meat (SRRE=1.00, 95% CI: 0.82--1.21) and CRC were observed in the dose-response analyses among women. For men, the SRRE for each incremental serving of red meat per week was 1.04 (95% CI: 1.01--1.06), and 1.01 (95% CI: 0.77--1.33) for each 70 g increment of red meat. No clear pattern of dose-response was observed in our meta-analyses of categorical intake groupings (groups created to approximate common categories across studies) ([Table 2](#t0002){ref-type="table"}; [Fig. 4](#f0004){ref-type="fig"}). In dose-response categories up to 100 g/day, summary associations ranged between 1.00 and 1.03 and were not statistically significant. However, the SRRE for intake levels above 100 g/day was 1.20 (95% CI: 1.11--1.29). There was greater data inflection in the servings-per-week intake groupings, because the summary association for 0--1 serving of red meat per week was 1.17, then dropped to 1.11 (2--4 servings), then rose to 1.22 (5--7 servings), then dropped to 1.13 in the highest category of intake (\>7 servings per week). The summary associations for the lowest 3 servings-per-week categories were statistically significant, but the SRRE for the highest level of intake was not statistically significant ([Table 2](#t0002){ref-type="table"}; [Fig. 4](#f0004){ref-type="fig"}). The statistically significant findings at the lower intake levels are not substantiated by the findings in the grams-per-day analyses, and there is no apparent reason why patterns of associations would be stronger for servings per week than grams per day. However, in general, studies that reported results for grams-per-day metrics were more analytically specific than studies that reported data in a servings-per-week metric (See [Table 1](#t0001){ref-type="table"}, 3--7/wk vs 0--2/month in Kojima et al. 2004 [@cit0036], for example). Similarly, in our cumulative meta-analysis of increasing grams per day and servings per week, no clear pattern of association was apparent ([Fig. 5 and 6](#f0005 f0006){ref-type="fig"}). For a dose-response effect to be present, the summary effect would slowly shift to the right (positive direction) as intake increased. Associations appeared to become slightly stronger at the 90 g/day level; however, this finding was not substantiated by the servings-per-week cumulative meta-analysis, for which the magnitude of associations at low levels of intake were greater than or similar to the magnitude of associations at high intake levels. Fig. 2.Individual study relative risks for colorectal cancer across all red meat intake strata (grams/day) in the prospective cohort studies. Fig. 3.Individual study relative risks for colorectal cancer across all red meat intake strata (servings / week) in the prospective cohort studies. Fig. 4.Dose-response patterns based on meta-analyses of categorical intake groupings. Fig. 5.Cumulative meta-analysis of colorectal cancer by grams/day of red meat intake. Fig. 6.Cumulative meta-analysis of colorectal cancer by servings/week of red meat intake.

Publication Bias {#s0003-0003}
----------------

A visual examination of the funnel plot of prospective studies of red meat and CRC suggested slight publication bias; however, Egger\'s regression test was not significant (data not shown). The Duval and Tweedie trim-and-fill procedure imputed 3 studies to the left of the mean effect, resulting in an adjusted SRRE of 1.09 (95% CI: 1.02--1.17), based on the all-inclusive model.

DISCUSSION {#s0004}
==========

In this updated and expanded meta-analysis, we observed summary associations for red meat and CRC that were null or just above the null value in virtually all models. Although some models were statistically significant, heterogeneity was present in many models, and findings varied by subgroups (e.g., SRRE for men = 1.16; SRRE for women = 1.03).

We attempted to isolate the red meat variable by identifying and analyzing studies that evaluated red meat but did not include processed meat items. Although there may be some overlap in these variables because some processed meat items often include red meat, and there is a high correlation between red meat intake and processed meat intake, summary associations were markedly reduced and not statistically significant when red meat only was evaluated.

Summary associations were slightly attenuated in our sensitivity analyses of studies that adjusted for relevant potential confounding factors, indicating the importance of measuring and adjusting for factors that may be related to both red meat consumption and CRC. Although we did not observe striking attenuation of the summary effect in models specific to confounding-factor adjustment, a meta-analysis may not be sensitive enough to fully appreciate the impact of confounding, especially if the epidemiological studies do not consistently control for the same confounding factors. The impact of confounding can best be discerned at the individual study level if the researchers report the crude (or age-adjusted only) RR and the multivariate RR. For example, in a recent prospective analysis, Ollberding et al. [@cit0043] reported an RR of 1.17 (95% CI: 1.05--1.31) in the basic model (age and ethnicity), and an RR of 0.98 (95% CI: 0.87--1.10) in the multivariate model that adjusted for smoking, history of colorectal polyps, and BMI, among other factors. In fact, the majority of individual studies that report crude and adjusted RRs for red meat and CRC observe positive and stronger associations in the crude model compared to the more fully adjusted model. Even modest confounding and, perhaps just as importantly, slight measurement error in the ascertainment and classification of potential confounding variables can have a proportionally large impact on effect estimates [@cit0001].

The association between red meat intake and rectal cancer was slightly stronger than that for colon cancer, although both summary effects were attenuated in analyses of red meat only (without processed meat items included). It has been suggested that tumors arising in the proximal colon, distal colon, and rectum may have variable pathologies, and consequently, dietary factors may influence colorectal neoplasia differently according to anatomic site [@cit0058]. However, summary associations between colon and rectal tumor sites were not strikingly different. Although the literature is somewhat sparse, in general, findings for distal colon tumors are slightly stronger than for proximal colon tumors, which is anatomically consistent with the contiguous sites (i.e., proximal colon followed by distal colon followed by rectum).

Modification was also apparent by sex, with stronger effect sizes for men than women; however, summary associations were stronger for colon cancer than rectal cancer among men and stronger for rectal cancer than colon cancer among women (note that analyses were based on relatively limited data). Indeed, diet-related effects may differ by sex due to hormonal variation between men and women and by the proclivity of women to develop proximal tumors and men to develop distal and rectal tumors [@cit0058]. The reasons for the overall disparities in associations by gender are uncertain, and the differences in effect sizes do not appear to be the result of higher intake levels among men. In fact, when we grouped data by gender in the same intake categories, there were no discernible differences for the grams-per-day analyses, but there were considerable differences in the servings-per-week analyses. Summary associations were stronger for men for all serving categories compared with women, and these differences were not a function of higher consumption levels among men. Furthermore, there are no established biological or mechanistic differences that may have modified associations specifically for red meat intake. The stronger effects observed among men may be the result of stronger correlations with adverse dietary and lifestyle factors that further confound the association.

We conducted a comprehensive evaluation of relative risk point estimates reported in all prospective studies for all intake categories. Specifically, we used four methods to review the data (for both grams-per-day and servings-per-week metrics): (1) point estimates for all intake levels were plotted for a visual assessment ([Figs. 2 and 3](#f0002 f0003){ref-type="fig"}), (2) categorical dose-response regression meta-analyses were conducted to estimate the linear (slope) effect by increasing categories of intake ([Table 2](#t0002){ref-type="table"}), (3) meta-analyses for categorical intake groups were conducted to estimate associations for a more standardized evaluation ([Table 2](#t0002){ref-type="table"}, [Fig. 4](#f0004){ref-type="fig"}), and (4) cumulative meta-analyses were performed to appreciate the modification and patterns of effect size by increasing dose levels ([Figs. 5 and 6](#f0005 f0006){ref-type="fig"}). If an exposure is associated with an outcome, it would be expected that consistent results would be observed across various dose-response analyses. However, for red meat consumption and CRC, no clear evidence of dose-response patterns emerges in a consistent fashion across the intake analyses. As described above, there are more point estimates above 1.0 than below, particularly for the servings-per-week metric, but there is no consistent pattern of increasing risk by increasing intake level ([Figs. 2 and 3](#f0002 f0003){ref-type="fig"}). The summary associations for the categorical dose-response regression analyses support only a weak positive association, but heterogeneity was present in these models. Further, this type of analysis assumes a linearly increasing pattern, which can be a problematic assumption if intake levels are highly variable among studies. In fact, our plots of RRs by specific intake levels were not consistent with a linear trend, and the categorical intake grouping analyses were inconsistent by metric and gender. No appreciable effect for red meat consumption and CRC was observed up to 100 g/day, but a modestly elevated SRRE of 1.20 (95% CI: 1.11--1.29) was found for intake levels greater than 100 g/day. It is not clear if this association is a reflection of greater collinearity between other dietary and lifestyle factors at elevated levels of intake, or if higher intake levels of red meat may contribute to a slightly increased risk. However, this finding was not corroborated in the servings-per-week analyses, and no intake-response trend was apparent because considerable data inflection was observed (e.g., no monotonic pattern was evident). Moreover, as mentioned above, the elevations in the servings-per-week analyses were largely influenced by results among men. Finally, in our cumulative meta-analysis assessment of patterns of associations by increasing intake levels, no consistent trends of increasing summary effects were observed.

As expected, the summary associations were modified by study country, with slightly stronger (and more heterogeneous) associations among North American populations, with the weakest associations among Asian populations. The possible explanations for this observation are many; however, a Western dietary (and lifestyle) pattern is a likely explanation. Indeed, high intake of red meat has been correlated positively with factors that have been associated with increasing the risk of CRC, such as a high BMI, smoking, and alcohol intake, and red meat intake has been correlated inversely with factors suggested as possibly decreasing the risk of CRC, such as physical activity, fruit and vegetable intake, and socioeconomic status. Thus, it is difficult to analytically isolate the separate effects of red meat from other dietary, lifestyle, socioeconomic, and clinical factors. Furthermore, multicollinearity plays a role here. Multicollinearity is a statistical phenomenon that occurs when two or more factors in a regression model are moderately to highly correlated, rendering the estimation of independent effects of a single dietary component difficult. Perhaps more so than other epidemiologic disciplines, nutritional epidemiology is prone to multicollinearity, because diet is a complex mixture of foods, nutrients, and other dietary constituents [@cit0001]. Greater consumption of one particular food tends to be associated with higher and lower intakes of other foods and nutrients that may also influence disease risk. Moreover, the influence of different dietary components may be multiplicative rather than purely additive, yet the ability to capture potential interactions of dietary components in statistical analyses may be limited. As a result, including highly correlated variables in the same statistical model may lead to biased risk estimates.

Of note, over time, there appears to be a time-dependent attenuation of summary associations---the earlier studies report stronger associations, while the more recent studies are generally closer to the null value, a phenomenon described by Ioannidis in an evaluation of clinical research studies [@cit0059]. Many potential factors may contribute to this observation; for example, recent studies may be adjusting for more relevant confounding factors, dietary instruments may have improved, and longer follow-up time has accrued in some cohorts that may allow for a more accurate reflection of cancer latency. If, however, the small association between red meat intake and CRC is real, the public health impact may be noteworthy because CRC is one of the more common malignancies.

Several postulated mechanisms by which consumption of red meat may contribute to colorectal carcinogenesis have been proposed. These include exposure to heterocyclic amines, polycyclic aromatic hydrocarbons, nitrate/nitrite and N-nitroso compounds, fat intake from animal sources, changes to the intestinal microbiota, and heme iron. A thorough review of these compounds is beyond the scope of the current review, although the epidemiologic evidence regarding these hypothesized biological mechanisms has been inconsistent [@cit0002]. Of note, however, is the increased scientific focus on heme iron as a potential cancer promoter. It is important to distinguish between heme iron, which is from meat, and non-heme iron, which is from fortified cereals, fruit juice, and bread, among other sources [@cit0060]. In a recent review of heme iron from meat and CRC, a proposed mechanism of action was suggested whereby heme promotes ATNC (apparent total N-nitroso compounds) growth and lipid peroxidation production [@cit0066]. This may subsequently trigger activation of a series of steps on the biological pathway that facilitate DNA and cellular damage, which can eventually lead to adenocarcinoma [@cit0066]. Despite this theory, the epidemiologic evidence pertaining to heme iron and CRC has been weak and inconsistent. A summary relative risk of 1.18 (95% CI: 1.06--1.32) was reported in a meta-analysis comparing high vs low heme iron intake and colon cancer [@cit0066]. However, recently published analyses were contradictory. In an analysis of the Nurses\' Health Study and Health Professionals Follow-up Study, Zhang et al. [@cit0067] reported non--statistically significant inverse associations between heme iron and CRC among men, and nonsignificant positive associations among women. In contrast, Hara et al. [@cit0068] observed nonsignificant inverse associations among women and nonsignificant positive associations among men in an analysis of a population-based prospective cohort study in Japan. Diet plays a formative role in gut microbiota, and cancer risk may be modified by harmful and beneficial bacteria that could influence carcinogen bioactivation [@cit0002]. Currently, there is no clear evidence indicating that meat intake or animal protein consumption modifies CRC risk by altering the intestinal microflora. Clearly, more research is needed in this area, particularly because the associations between red meat consumption and CRC across the epidemiologic studies have been weak and relatively inconsistent.

Complicating the interpretation of findings from nutritional epidemiology studies is the fact that this research area is particularly prone to reporting bias because of the numerous types of foods, food combinations, nutrients, and cooking methods ascertained on a typical food frequency questionnaire (FFQ). Upward of 150 food items (in addition to serving size and cooking practices, among other things) are commonly queried on an FFQ; thus, a researcher may selectively choose which data to report when analyzing all foods. If, for example, red meat, or any other food item for that matter, is not associated with cancer in an analysis of numerous food items, the researcher may selectively withhold the "null" results and choose to submit for publication the non-null, or the perceived more impactful, findings. Furthermore, in the absence of an observed association for which an existing relationship was assumed, a researcher may withhold the results, because they are not in line with the prevailing scientific opinion, whether accurate or not.

Although meta-analysis methods are being used at an increasing rate to quantitatively summarize a body of literature, meta-analyses may suffer from the same shortcomings and challenges that influence the individual studies. In fact, a meta-analysis may actually amplify the inherent limitations from individual studies because of combining data across studies that may be biased or confounded to produce an overall effect. Combining data at the macro level does not obviate the complications of interpreting the data on a micro level. However, given a large volume of literature, a meta-analysis can be used to create informative subgroup stratifications, to examine potential sources of heterogeneity and to evaluate the consistency of results by partially controlling for some of the study-specific characteristics. In addition, a meta-analysis improves the precision of summary estimates of effect, which is especially important when attempting to demonstrate patterns of associations across subgroups. Important insights into some (but certainly not all) of the most important aspects of causation can be provided by a meta-analysis, and it has the capacity to better characterize the existence and nature of associations summarized across studies [@cit0003]. It is generally well established that a causal relationship is more likely when the association is strong (typically relative risks above 2.0), there is a clear dose-response effect (i.e., increasing risk with increasing exposure), and results are consistent (e.g., across studies, study designs, and similar study characteristics). In our study, all summary associations between red meat consumption and CRC were weak in magnitude, no coherent pattern of dose-response was apparent, and associations were largely inconsistent across the individual studies and the analytical subgroups. Such patterns of association are not supportive of a relationship that is causal. Furthermore, associations from human health studies of the postulated biological mechanisms have been weak and inconsistent as well.

Until the methodological and analytical approach to evaluate red meat and CRC is modified or a new approach is introduced (such as creating multiple layers of subgroup stratifications by presumably important factors), each subsequent analysis of a cohort will likely keep producing associations that hover around the null value. Clinical trials of a food or food group and cancer are not common (none exist for red meat and cancer), because of some obvious challenges, such as cost and long duration to account for cancer latency. Although theoretically possible, it is not likely that such a study will be conducted (and with sufficient follow-up time) in the near future. As a result, researchers will need to analyze data from new cohorts and continue to publish updated and extended analyses on existing cohorts.

In the current meta-analysis of red meat intake and CRC, we comprehensively examined associations by creating numerous subgroup stratifications, conducting extensive sensitivity analyses, and evaluating dose-response using several different methods. Associations between red meat and CRC were weak to nonexistent. Of the highest categories of intake in the individual studies, over one-third of the RRs were 1.0 or lower, and almost half were less than 1.05. Summary associations were weak, with most SRREs around the null value or just slightly above. Because of multiple comparisons (i.e., over 70 separate analyses were conducted), some statistically significant associations could arise by chance alone. Indeed, we did not observe consistent patterns of associations that may explain the few significant summary associations. Even in studies that analyzed red meat independent of processed meat, and adjusted for additional relevant confounding factors, models found summary associations to be attenuated, though slightly less heterogeneous. Associations were stronger among men than women, and stronger for rectal cancer than for colon cancer, but within each sex, the results were contrasted by tumor site, which observation is yet another example of inconsistency. Summary associations are also likely influenced by dietary and lifestyle factors; a case in point is that studies of American cohorts showed stronger associations than studies of cohorts who do not have a Western diet and lifestyle. Finally, summary associations appear to be weakening over time, because the SRREs in the more recent studies are weaker and closer to the null value than those of earlier studies.

Methodological limitations and challenges compromise the ability to interpret a possible relationship between red meat and CRC. Indeed, given the overall lack of consistent findings, and the absence of strong associations and dose-response patterns, it seems reasonable to posit that red meat is a negligible factor in CRC risk; rather, there is a more significant constellation of dietary and lifestyle factors that may influence colorectal carcinogenesis. The quantitative findings and scientific rationale for interpretation documented in the current meta-analysis support a conclusion that red meat is not an independent predictor of CRC risk.

In conclusion, based on the quantitative findings and scientific rationale for interpretation documented in the current meta-analysis, red meat intake does not appear to be an independent predictor of CRC risk.
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[^1]: Color versions of one or more of the figures in the article can be found online at [www.tandfonline.com/uacn](http://www.tandfonline.com/uacn).

[^2]: **Notes**: Outcome is colorectal cancer (CRC), unless otherwise noted.

[^3]: Case-cohort study.

[^4]: Nested case-control.

[^5]: Study not included in meta-analysis because red meat item not explicitly defined.

[^6]: ATBC = Alpha-Tocopherol, Beta-Carotene Cancer Prevention; BCDDP = Breast Cancer Detection Demonstration Project; BMI = body mass index; CRC = colorectal cancer; CPS II = Cancer Prevention Study II; EPIC = European Prospective Investigation into Cancer and Nutrition; DASH = Dietary Approaches to Stop Hypertension; JPHC= Japan Public Health Center-based Prospective Study; HPFS=-- Health Professionals Follow Up Study; hx = history; NBSS=-- National Breast Screening Study; NIH-AARP = National Institutes of Health-AARP (formerly the American Association for Retired Persons); NHS=-- Nurses\' Health Study; NLCS=-- Netherlands Cohort Study; NR = not reported; NSAID = nonsteroidal anti-inflammatory
